Neutral bulk water Moments of water
The change in the dipole moment of water between gas phase and liquid phase reflects the treatment of polarizability by a simulation model. As shown in Fig. S1 and Table S1 , while the change in the dipole moment of DFTB3 water between gas phase and liquid is somewhat underestimated compared to ab initio or DFT molecular dynamics (MD) simulations, 1 the average dipole moment in the liquid, ⇠2.35 Debye, is very close to the dipole moment of classical water models like SPC/E and TIP3P; 1 a recent linear-scaling QM water model 2 also reported a liquid dipole moment around 2.5 Debye.
The importance of quadrupole moments has also been emphasized in the water literature. 1 As shown in Table S1 , the gas phase ⇥ 2 for DFTB3/3OB(w) is substantially lower than the experimental value, although the solution value is in fact rather close to those from ab initio or DFT MD simulations. For reference, we have also listed the quadrupole moments for two popular non-polarizable water models, TIP3P and TIP4P/2005; both appear to substantially underestimate ⇥ 2 in the condensed phase. Figure S1: Dipole moment distribution in bulk water. On the other hand, the density obtained from NPT simulations using DFTB+ 5 is rather sensitive to further adjustment of the O-H repulsive potential. In particular, to improve density, we find it e↵ective to include a small additional linear term to the O-H repulsive
, where r cut is taken to be 7Å, and A is adjusted to be 0.16 kcal/mol. Although this term has a negligible impact on the computed water structure from NVT simulations at ambient condition (see Fig. S2 , compare 3OBw and 3OBwp; the latter includes the additional linear term in the O-H repulsive potential), it has a major impact on the computed density from NPT simulations. As shown in Fig. S3 , the water density computed using the 3OBwp repulsive potential set, in fact, exhibits a density maximum in the expected temperature range. We caution, however, that this observation alone doesn't support DFTB3/3OBwp as a robust water model. What these exercises highlight is that the properties of bulk water are rather sensitive to the potential function and more systematic improvements of DFTB3 are required to lead to a physically robust model for water, even for situations near the ambient condition.
Another clear demonstration of limitations of the current DFTB3 formulation and the RMC scheme is that the improvement of bulk water structure in fact leads to deteriorated enthalpy of vaporization. As shown in Table S2 , DFTB3/3OB NVT simulations at experimental water density underestimates H vap by about 2 kcal/mol, while the 3OBw parameter set further increases the error by another 2.4 kcal/mol. This is somewhat expected because the modification introduced by 3OBw e↵ectively reduces each hydrogen bonding interaction by about 1 k B T (see Fig. 3 in the main text), and a water in bulk on average forms four hydrogen bonds; for a water dimer in the gas phase, DFTB3/3OB predicts a binding energy of 4.6 kcal/mol, while 3OBw gives 4.0 kcal/mol. We note that the underestimate of H vap by the DFTB3 calculations is partly due to the fact that dispersion has not been in- Comparison of H-H RDF calculated using various approaches and experimental data. 6 The CPMD and DFTB2 results are from Ref. 10 and the DFTB3-diag data is from Ref. Table S3 : Energies relative to isomer VI (in kcal/mol) and Zundel/Eigen character of low-energy isomers of
In the column for each method, the three sub-columns indicate the energy relative to isomer VI, Z/E/E-Z classification according to the criterion based on R OO 12 and Z/E/E-Z classification according to the criterion based on .
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The MP2 relative energies are from Ref.
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The MP2 results therein were obtained by single-point calculations with the aug-cc-PVTZ basis set at MP2/aug-cc-PVDZ optimized geometries. The Z/E/E-Z classification is based on the MP2/aug-cc-PVDZ geometries.
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